The catalytic behavior of iron tetrasulfonatophthalocyanine (FeTSPc) for the oxidation reaction of L-tyrosine with H2O2 in a di-2-ethylhexyl sodium sulfosuccinate (AOT) reversed-micellar system (AOT/cyclohexane) was studied. It was indicated that the reversed micelles could not only enhance the catalytic activity of FeTSPc, but could also increase the fluorescence intensity of the product. Factors that may influence the catalytic reaction, including the concentration of AOT, the cosolubilized water, temperature and pH, were further examined. The possibility of its analytical application was also tested. Experimental results show that the calibration graphs for the determinations of FeTSPc and H2O2 under optimum conditions are linear over the range of 1.0 × 10 -8 -1.0 × 10 -6 mol L -1 and 0.0 -3.0 × 10 -6 mol L -1 , respectively, with detection limits of 1.1 × 10 -9 mol L -1 and 3.1 × 10 -9 mol L -1 for FeTSPc and H2O2, respectively.
Introduction
Researches concerning biocatalytic reactions have been of great importance in the fields of biomedicine, environmental science and analytical chemistry. Horseradish peroxidase (HRP) has long been used as a sensitive and specific enzyme catalyst for the oxidation of a chromogenic/fluorogenic substrate by H2O2. However, the instability and high cost of the enzyme has stimulated people to search for alternatives. Iron tetrasulfonatophthalocyanine (FeTSPc, see Fig. 1 ) has been found to exhibit very significant peroxidatic activity in the catalytic reactions of fluorogenic substrates with hydrogen peroxide. [1] [2] [3] Unfortunately, its peroxidase activity is still much smaller than that of HRP.
Traditional enzymologic studies of enzymes are usually conducted in aqueous solution, but enzymes mostly act on the surfaces of biological membranes or inside them and keep the best configuration. Moreover, properties of water molecules near an interface are vastly different from those of "bulk" water. 4 Therefore, researches on reaction media simulating an in vivo environment have become more and more interesting. Aggregates of surfactants in organic solvents assemble into microemulsion droplets in the presence of water. 5 A class of such structures that enclose limited amounts of water is termed inverted or reversed micelles, since their polar groups are concentrated in the interior of the aggregate while their hydrophobic moieties extend into, and are surrounded by, the bulk apolar organic solvent. [6] [7] [8] The interior core of the reversed micelle, i.e., the micellar interface and the inner aqueous phase, provides a unique and versatile reaction field for chemical and biological reactions. [9] [10] [11] Reports indicate that enzymes that are solubilized in the aqueous interior of reversed micelles may exhibit enhanced activity and changes in substrate specificity, [12] [13] [14] [15] [16] an enzyme can even assume superactivity. 17 On the other hand, reversed micelles can simulate the microenvironment of a cell in an organism quite well, so it is considered to be an ideal membrane-like medium. Such study gives a new way to get much in vivo information about enzymes and to understand many important vital events. Therefore, the study of HRP or HRP-mimics catalytic fluorescence reactions in reversed micelles is very important. To date, researches on HRP-catalyzed reactions in reversed micelles have been reported. 15, [18] [19] [20] Martinek et al. 15 studied the peroxidase oxidation of pyrogallol in AOT/H2O/octane reversed micelles and indicated that the value of kcat in the reversed micelles was about 20 times higher than that in water. They 18 also found that HRP assumed higher catalytic activity in AOT/octane reversed micelles and the activity of HRP depended on the concentration of substrate which was solubilized in the water pool in the center of a micelle. Wang et al. 19 studied the enzyme activity of HRP incorporated in CTAB/H2O/CHCl3-isooctane (1:1, v/v) reversed micelles. Results indicated that CTAB showed a noncompetitive inhibition on the enzyme and high concentration of H2O2 caused pronounced substrate inhibition. However, no applications of reversed micelles in mimetic enzyme-catalytic fluorescence reaction have been reported so far.
The purpose of the present work is to examine the effect of AOT-reversed micelles on the mimetic peroxidase activity of FeTSPc by fluorescent detection of dityrosine, which was formed by the peroxidation reaction of L-tyrosine with H2O2 under the catalysis of FeTSPc. Since reversed micelles can better simulate the conditions of enzyme action in vivo, the use of reversed micelles as a reaction medium was expected to increase the catalytic activity of FeTSPc. Our experimental results show that both the peroxidase activity of FeTSPc and the sensitivity of fluorescence measurement in reversed micelles are higher than that in aqueous solution. We investigated the influences of environmental factors, such as the water content, AOT concentration and pH, on the peroxidase activity of FeTSPc. Under optimum conditions, the application of AOTreversed micelles to the FeTSPc-L-tyrosine-H2O2 fluorescent system led to a highly sensitive system compared with that in aqueous solution, permitting detection limits of 1.1 × 10 -9 mol L -1 and 3.1 × 10 -9 mol L -1 for FeTSPc and H2O2, respectively. The advantages and limitations of employing the reversed micellar medium in such mimetic peroxidase-catalyzed fluorescence detection schemes were discussed.
Experimental

Reagents
Unless noted otherwise, all the reagents were of analyticalreagent grade or better. Distilled, deionized water was used throughout. FeTSPc was synthesized and purified according to Ref. 21 . Its stock solution (0.001 mol L -1 ) was prepared by dissolving 0.0478 g of the solid in 50 mL water. This solution was stable at room temperature for several months. H2O2 solution (3%, v/v) was prepared by appropriate dilution of commercial 30% solution (Shanghai Taopu Chemical Factory); its concentration was standardized by KMnO4 titration. LTyrosine (L-tyr, biochemical reagent) was dissolved in 0.5 mol L -1 NaOH solution to get its stock solution of 0.2 mol L -1
. The AOT surfactant was purchased from Tokyo Kasei (TCI-EP). AOT was dried in a heated vacuum desiccator at 40˚C over P2O5. Cyclohexane (Hangzhou Reagent Factory) was dried with 4-A molecular sieves prior to use. A 0.5 mol L -1 NaOH solution was used.
Apparatus
A Hitachi 650-10S fluorescence spectrophotometer and standard quartz cells with 10-mm pathlengths were adopted to record the fluorescence spectra and relative fluorescence intensity. A digital pH meter (Xiamen Analytical Instrument Factory) was employed to make the pH measurements. An SHZ-88 water-bath vibrator (Taichang Experimental Instrument Factory, Jiangshu, China) was used for controlling the temperature. A CQ50 ultrasonic washing machine (Shanghai Ultrasonic Instrument Factory, Shanghai, China) was used for facilitating the formation of reversed micelles.
Procedure Preparation of the reversed micelle.
Some dried AOT (8.89 g) was dissolved in cyclohexane in a 100-mL volumetric flask to give a 0.2 mol L -1 AOT stock standard solution. When required, a certain volume of this solution was diluted with cyclohexane to give working standard solutions.
Equilibrium method.
Into a 10-mL dried colorimetric tube were placed 50 µL of 0.5 mol L -1 NaOH, 50 µL of 0.2 mol L -1 L-tyrosine, 100 µL of 1.0 × 10 -3 mol L -1 FeTSPc and 50 µL of water. The mixture was quickly diluted to 10 mL with appropriate amounts of 0.2 mol L -1 AOT and cyclohexane solution. The mixture was then vigorously agitated in the ultrasonic washing machine until it was clear that uniform and stable reversed micelles were formed. Then 10 µL of 1 × 10 -3 mol L -1 H2O2 was added and the mixture was shaken immediately; the solution was allowed to stand for 7 min at 45˚C before measuring. Kinetic method.
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Results and Discussion
Factors influencing the FeTSPc-catalyzed oxidation reaction of L-tyrosine with H2O2 in AOT reversed micelles were studied systematically.
The maximum excitation and emission wavelengths of the reaction product were 319 and 407 nm, respectively. All reactions were conducted at 45˚C.
Spectral characteristics
It was reported that the weakly fluorescent L-tyrosine became strongly fluorescent dityrosine after oxidation by H2O2; this change had been employed as a sensitive method for the detection of H2O2. Either peroxidase or FeTSPc has been employed to catalyze the reaction. 22, 23 The fluorescence spectra of the reaction product in AOT/cyclohexane reversed micelles (w = 14.4) and in aqueous solution are depicted in Fig. 2 . It can be seen from Fig. 2 that, in the reversed micelle, the fluorescence intensity of the reaction product was increased approximately 2.5-fold compared with that in aqueous solution. There are two reasons for the increase in fluorescence intensity. One is that the fluorescent molecule is shielded by micellar assemblies so that the energy loss by collisions is decreased. The other is that the enhanced environmental viscosity and the more ordered microenvironment inhibit the fluorescence quenching by dissolved oxygen and other non-radiant deactivation processes of the excited molecules. Hence, the fluorescence quantum efficiency is enhanced. In addition, as compared to the situation in aqueous solution, the fluorescence maximum was slightly shifted to longer wavelength in reversed micelle.
A plausible explanation for the shift in the fluorescence spectra is that the fluorescence product senses an environment of different polarity in reversed micelles. Such an effect in reversed micelles can be caused either by a change in water structure or by incorporation of the product into the interface. The detailed reasons remain to be investigated.
Influence of AOT reversed micelle on the fluorogenic reaction
The kinetic profiles for the fluorescent developments were studied with the use of FeTSPc as a catalyst in the reversed micelle and in aqueous solution; the results are shown in Fig. 3 . In AOT reversed micelles, the initial reaction rate, which is reflected by the increase of fluorescence intensity per second, was 11 times greater than that in aqueous solution. Additionally, the time taken to reach reaction equilibrium was shortened greatly fromd 30 to 7 min. The increase of reaction rate can be attributed to the fluorescence enhancement of the product and the increase of FeTSPc activity. This result indicates that the AOT reversed micelles is a favorable microenvironment to improve the activity of FeTSPc and enhance the fluorescence intensity of the product.
Optimization of reaction conditions in AOT reversed micelles Effect of pH.
The optimum pH for the FeTSPc-catalyzed reaction of L-tyrosine with hydrogen peroxide in aqueous solution is over the pH range of 10.0 -10.8 using an Na2CO3-NaHCO3 buffer. However, it was found that in the reversed micelle both Na2CO3-NaHCO3 and Na2B4O7-NaOH buffers made the system turbid. This phenomenon is caused by the factor which increases the ionic strength. The higher the ionic strength in buffers, the larger the screening effect on the interior surface charges of reversed micelles will be. This causes the double charged layers of the interior surface of the reversed micelles to become thin; accordingly, the repulsive force between the polar groups of surfactant is weakened. In consequence, the reversed micelles become smaller, which will retard FeTSPc and reactants from entering the interior of reversed micelles. On the other hand, the higher the ionic strength, the more ions there will be to compete with FeTSPc and reactants for entering the micro water-pool and squeezing FeTSPc and reactants out from the reversed micelle. As a result, a 50 µL of 0.50 mol L -1 NaOH solution was selected for controlling the acidity.
Effect of temperature.
The effect of temperature on the fluorogenic reaction is shown in Fig. 4 . In AOT reversed micelles, the optimum temperature for the catalytic reaction was 45˚C. Subsequently, 45˚C was adopted as the reaction temperature.
Influence of W value on the catalytic reaction.
The effect of 587 ANALYTICAL SCIENCES MAY 2002, VOL. 18 the W value (expressed as the ratio of molar concentrations of water and surfactant) on the catalytic reaction is shown in Fig. 5 . Either changing the [H2O] with the concentration of AOT kept at 0.10 mol L -1 (Fig. 5A ) or changing the [AOT] with the concentration of H2O kept at 1.44 mol L -1 (Fig. 5B) , we found that all the results showed that the fluorescence intensity of the system reached a maximum at W = 14.4. In reversed micelles, the catalytic activity of enzymes is dependent on the degree of surfactant hydration, that is W, which determines the size of the inner polar cavities of hydrated reverse micelles. For micelles with a defined size, this dependence is bell-shaped, i.e. there is a certain optimal value of surfactant hydration at which the catalytic activity of solubilized enzyme is at a maximum. 8, 24 It has been suggested that this maximum corresponds to the geometric complement between entrapped enzyme molecules and aqueous cavities of surfactant aggregates. When such a complement is reached, the enzyme molecule experiences a close contact with the surrounding surfactant matrix. In this case the matrix can tightly "squeeze" the enzyme molecule, thereby "freezing" its rotational and vibrational motions, which can lead to the fixation of the most catalytically active conformation. 25 Therefore, in all of the work reported, this ratio was kept constant and equal to 14.4.
Influence of AOT concentration.
In reversed micelles two models of the enzyme-colloid combination have been reported. In one case enzymes are dissolved in the "water-pool" but do not react with the membrane of colloids, and the activities of enzymes do not change with the concentration of surfactants. In the other case, interactions exist between the dissolved enzyme and membrane, and the activity of enzyme is affected by the concentration of surfactants. 
Calibration graphs and limits of detection
The calibration graphs for determinations of FeTSPc and H2O2 were constructed under the optimum conditions described above. There were good linearities between the fluorescence development and the concentrations of H2O2 and FeTSPc. Analytical characteristics for determinations of H2O2 and FeTSPc in reversed micelles and aqueous solution 23 are given in Table 1 . The limits of detection (LOD) for H2O2 and FeTSPc were calculated by the equation (LOD = KS0/S), where K is a numerical factor chosen according to the confidence level desired. S0 is the standard deviation of the blank measurements (n = 11, K = 3), and S is the slope of the calibration curve. Table 1 shows that the detection limits for both H2O2 and FeTSPc in reversed micellar system were lowered by one order of magnitude compared with that in aqueous solution. In addition, the relative standard deviations were 2.4% and 3.1% (n = 9) for determinations of 5.0 × 10 -7 mol L -1 H2O2 and 1.0 × 10 -7 mol L -1 FeTSPc in the reversed micellar system, respectively.
Determination of H2O2 in marine surface water samples
The proposed method was used to determine H2O2 in marine surface water samples. The samples were collected and filtered before analysis. The accuracy of the method was investigated by performing the recovery tests of standard addition in real samples. The results obtained are presented in Table 2 . The recovery experiments gave satisfactory results.
Conclusion
This paper demonstrates that the FeTSPc-catalyzed fluorogenic reaction between H2O2 and L-tyrosine can be successfully conducted in AOT reversed-micellar system. The reversed micelles-mediated procedure should be ideal for the fluorescence detection of either H2O2 concentration or FeTSPc activity, and the detection limits for H2O2 and FeTSPc were lowered by one order of magnitude compared to that in aqueous solution. Experimental data of this method indicate that AOT reversed micelles can not only improve the catalytic activity of FeTSPc, thus greatly accelerating the reaction rate, but can also enhance the fluorescence intensity of the product. Currently, the main limitation for the method conducted in reversed micelles is that the method reported here is not convenient compared to that in aqueous solution and has the disposal problem of organic solvent. Nevertheless, the technique described here expands the scope of mimetic enzyme-catalyzed fluorescence analysis and may provide more sensitive methods for determinations of microamounts of analytes in aqueous solution. Recovery, %
